Background Ferric citrate, an iron-based phosphate binder, has been shown to improve both hyperphosphatemia and iron deficiency in adult chronic kidney disease patients, but its use in the pediatric dialysis population has not been described. Methods This is a retrospective analysis of 11 unselected pediatric dialysis patients who received ferric citrate as a phosphate binder between 2015 and 2017. Time-averaged laboratory values were compared pre-and post-ferric citrate initiation using the Wilcoxon signed-rank test.
Introduction
Chronic kidney disease (CKD) is characterized by the development of mineral and bone disorder [1] and progressive anemia [2] . Hyperphosphatemia is a common manifestation of chronic kidney disease-mineral and bone disorder (CKD-MBD), and higher phosphate levels are associated with vascular calcification [3] and increased mortality rates in CKD populations [4, 5] . As such, the use of phosphate binders has been recommended. Iron deficiency is also common in CKD [6] , contributes to anemia, and has been associated with increased mortality, independent of anemia [7] .
Recently, iron-based phosphate binders have been developed [8] , which may concurrently address the common CKD co-morbidities of hyperphosphatemia and iron deficiency. Indeed, one iron-based phosphate binder, ferric citrate (Auryxia®, Keryx Biopharmaceuticals), has been shown to bind enteral phosphate effectively and provide clinically significant iron supplementation. In randomized controlled clinical trials involving adult nondialysis-dependent CKD patients [9, 10] and adult dialysis-dependent patients [11, 12] , ferric citrate controlled serum phosphate levels and improved iron parameters. In 2014, ferric citrate was approved by the U.S. Food and Drug Administration (FDA) for use as a phosphate binder in adult CKD patients on dialysis. In pediatric dialysis patients, the safety and efficacy of ferric citrate have not been established.
In the present study, we performed a retrospective, realworld data analysis from the off-label use of ferric citrate in a cohort of pediatric dialysis patients. We characterized the cohort and evaluated changes in serum phosphate and hematologic parameters before and after ferric citrate initiation.
Methods
Retrospective data was obtained from the medical records of 11 unselected pediatric (< 18 years old) dialysis patients, from a single dialysis center, who were started on ferric citrate as a phosphate binder between 2015 and 2017. Institutional review board approval was obtained to review the medical records. Prior to ferric citrate initiation, all patients were on various phosphate binders. Ferric citrate was added to the original phosphate binder(s), or patients were switched from the original phosphate binder(s) to ferric citrate.
From the medical records, demographic, anthropomorphic, medication, and laboratory data were obtained. Medication data included doses of intravenous iron sucrose and doses of erythropoietin. Laboratory data included serum phosphate, transferrin saturation, ferritin, hematocrit, calcium, parathyroid hormone, and 25OH vitamin D.
Serum phosphate concentrations vary physiologically with age in the pediatric population, decreasing as children and adolescents age [13] . To adjust for the effects of age, we calculated age-related phosphate standard deviation scores (SDS) [13] . The SDS, also known as a z-score, is defined as the number of standard deviations an observation is above the mean.
Categorical data are presented as numbers and percentages. Continuous data are presented as medians and ranges or interquartile ranges. Time-averaged data obtained pre-ferric citrate was compared to time-averaged data obtained post-ferric citrate, using the Wilcoxon signed-rank test.
Results

Cohort characteristics
This cohort included 11 pediatric dialysis patients, with a median age of 13 years old (range 4-17 years old) at the time of ferric citrate initiation (Table 1) . Patients were treated with ferric citrate for a median of 214 days (range 39-654 days), with a median time-averaged ferric citrate dose of 3.5 tablets per day (range 1.5-8.4 tablets per day). Each ferric citrate tablet contains 1 g ferric citrate (210 mg elemental iron). Patients were exposed to a median time-averaged elemental iron dose of 27 mg/kg/day (range 10-38 mg/kg/day), with a median maximum exposure at any time point of 28 mg/kg/day (range 10-95 mg/ kg/day). While on ferric citrate, the median maximum transferrin saturation (TSAT) recorded was 53% (range 29-100%), and the median maximum ferritin concentration recorded was 394 ng/ml (range 161-1550 ng/ml).
While on ferric citrate, four patients received intravenous (IV) iron sucrose administration. The first patient, weighing 61.5 kg, received 62 doses of 50 mg iron sucrose (0.8 mg/kg/ dose) over all 637 days of ferric citrate administration (average of one dose approximately every 10 days). This patient had a maximum TSAT of 32% and maximum ferritin of 1366 ng/ml. The other three patients had more limited exposure to IV iron. The second patient, weighing 20.0 kg, received 7 doses of 12.5 mg iron sucrose (0.6 mg/kg/dose) over 49 days (19.5%) of the 251 total days of ferric citrate administration. During this time, TSAT and ferritin remained within normal ranges. The third patient, weighing 11.4 kg, received only two doses of 12.5 mg iron sucrose (1.1 mg/kg/dose) over all 46 days of ferric citrate administration. The fourth patient, weighing 64.0 kg, received a single dose of 100 mg iron sucrose (1.6 mg/kg/dose) during all 214 days of ferric citrate administration.
Two patients received oral ferrous sulfate concurrently with ferric citrate. The first patient was on ferrous sulfate for 33.5% of the time she was receiving ferric citrate, which provided 1.1 mg/kg/day elemental iron. The second patient was on ferrous sulfate for only 5.4% of the time she was treated with ferric citrate, which provided 1.3 mg/kg/ day elemental iron.
Changes pre-and post-ferric citrate initiation
With ferric citrate treatment, the median time-averaged serum phosphate concentration significantly decreased from 6.5 (interquartile range 5.5, 7.0) mg/dl to 5.2 (5.1, 6.3) mg/ dl (p = 0.014) ( Table 2 and Fig. 1 ). The median time-averaged, age-adjusted phosphate standard deviation score (SDS) significantly decreased from 2.3 (1.5, 3.6) to 0.9 (0.0, 2.4) (p = 0.019). Concurrently, transferrin saturation (TSAT) significantly increased from 26 (17, 34) % to 34 (28, 46) % (p = 0.049), and ferritin tended to increase from 107 (86, 675) ng/ml to 230 (113, 716) ng/ml (p = 0.074). No significant changes were observed in hematocrit (p = 0.83), serum calcium (p = 0.32), parathyroid hormone (p = 0.13), or 25OH vitamin D (p = 1.00). After excluding the five patients who received any other iron preparations (IV iron sucrose and/or oral ferrous sulfate) for any duration while on ferric citrate, we still observed that ferric citrate treatment tended to increase TSAT (26 (22, 34) % to 39 (33, 47) %, p = 0.063) and ferritin (91 (86, 496) ng/ml to 122 (113, 726) ng/ml, p = 0.063).
We also assessed erythropoietin (EPO) use in our cohort. Two patients stopped EPO prior to ferric citrate administration, two patients started EPO after ferric citrate initiation, and seven patients remained on EPO pre-and post-ferric citrate administration. Of the patients on EPO pre-and post-ferric citrate administration, one patient was on darbepoetin alfa, and the dose decreased from 60 mcg weekly to 45 mcg weekly with ferric citrate administration. The remaining six patients were on epoetin alfa, and the median epoetin alfa dose did not differ pre-and post-ferric administration (p = 0.49).
Discussion
In this study, we present retrospective real-world data from the off-label use of ferric citrate in a cohort of pediatric dialysisdependent patients. As in the studies of adult dialysis patients [11, 12] , with ferric citrate treatment, we observed decreased serum phosphate, improved iron parameters, and maintenance of hematocrit. Notably, with ferric citrate treatment, the median age-adjusted phosphate SDS decreased from 2.3 standard deviations above the mean for age (99th percentile) to 0.9 standard deviations above the mean for age (81st percentile). Although not all patients achieved time-averaged serum phosphate concentrations < 6.0 mg/dl or time-averaged, ageadjusted phosphate SDS < 2.0 with ferric citrate, our observations suggest that ferric citrate can lower phosphate levels, as well as improve iron status, in pediatric dialysis patients.
The main adverse effects associated with ferric citrate treatment are gastrointestinal symptoms (diarrhea, nausea, emesis, constipation) [9] . However, in our pediatric cohort, ferric citrate seemed to be well-tolerated, as no patient developed adverse gastrointestinal effects severe enough to warrant dose reduction or discontinuation of therapy. In the two randomized, placebo-controlled trials of ferric citrate conducted in adult CKD patients not on dialysis, gastrointestinal adverse events were reported in 49.5% of patients treated with ferric citrate vs. 27.7% of patients treated with placebo [14] . Compared to the placebo group, patients on ferric citrate reported more discolored feces (21.6 vs. 0.0%), diarrhea (20.5 vs. 12.2%), constipation (18.4 vs. 10.1%), and nausea (9.5 vs. 4.3%) [14] . In a randomized, active-controlled trial of ferric citrate conducted in adult dialysis patients, serious gastrointestinal adverse events recorded any time after drug initiation occurred in 8.3% of the ferric citrate group vs. 12.8% of the active control group, and nonserious gastrointestinal adverse events occurred in 48.8% of the ferric citrate group vs. 36.9% of the active control group [11] .
Although patients on ferric citrate are exposed to high amounts of elemental iron, much of the ferric iron binds enteral phosphate, precipitating as ferric phosphate, an insoluble compound that is excreted. Yet, some iron is absorbed, necessitating close monitoring of serum iron parameters, such as TSAT and ferritin. In pediatric dialysis patients, optimal TSAT and ferritin ranges remain undefined. However, in a large study of over 58,000 adult hemodialysis patients, after time-dependent and multivariable adjustment, TSAT levels between 30 and 50% and ferritin levels between 200 and The Wilcoxon signed-rank test was used to compare the median values before and after FC initiation. For phosphate, phosphate SDS, hematocrit, and calcium, n = 11 patients; for TSAT, PTH, and 25OH vitamin D, n = 10 patients; and for ferritin, n = 9 patients 1200 ng/ml were associated with the lowest mortality rates [15] . In our cohort, only two patients had a time-averaged TSAT > 50% while on ferric citrate (51 and 55%), and one of these patients was receiving concurrent ferrous sulfate. TSAT is calculated by dividing serum iron by the total iron binding capacity (TIBC), and TIBC is a negative acute-phase reactant [16] ; therefore, inflammation, which is common in CKD, can result in falsely elevated TSAT calculations. Furthermore, TSAT may be acutely increased if measured within 4 h of oral iron administration [17] ; in the present study, timing of TSAT measurements in relation to ferric citrate administration was not recorded. In our cohort, no patient had time-averaged ferritin > 1200 ng/ml while on ferric citrate. As ferritin is an acute-phase reactant, inflammation can increase ferritin concentrations, confounding the use of ferritin as a marker of iron status [16] . Both hyperphosphatemia [18] [19] [20] [21] and iron deficiency [22] [23] [24] [25] can increase production of fibroblast growth factor 23 (FGF23), a bone-derived phosphaturic hormone. In both adult and pediatric CKD, FGF23 levels increase early [20, [26] [27] [28] , with higher levels associated with faster CKD progression [29] [30] [31] and increased cardiovascular morbidity [32] [33] [34] [35] . In adult CKD populations [29, 36] , and in the general population [37] , higher FGF23 levels are also independently associated with increased mortality rates. Ferric citrate can lower phosphate levels and increase iron parameters, therefore providing two possible mechanisms by which pathologically elevated FGF23 levels may be decreased. Indeed, in adult nondialysis-dependent CKD patients, ferric citrate treatment decreased FGF23 levels by 30-35% from baseline [9, 38] . Also, a small, prospective study of 27 iron-deficient, adult hemodialysis patients demonstrated that ferric citrate treatment controlled serum phosphate, improved iron parameters, and decreased FGF23 levels [39] . Therefore, via phosphate control and/or iron supplementation, ferric citrate may be able to affect FGF23 levels in CKD. In the pediatric CKD population, longitudinal studies are required to determine whether or not ferric citrate use can lower FGF23 levels or prevent increases in FGF23 over time.
In this small, retrospective study, we characterize our real-world experience with ferric citrate in a group of pediatric dialysis patients. In our cohort, ferric citrate was well-tolerated and was associated with decreased phosphate levels and improved iron parameters. Limitations of this observational study include small sample size, variable subject characteristics (e.g., on different dialysis modalities for varying durations), and incomplete subject characterization (e.g., lack of inflammatory markers). Larger, controlled clinical trials are needed to further assess the safety and long-term efficacy of ferric citrate use in pediatric CKD patients.
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